Aiming at the problem of energy loss in the process of welding at present, a new hybrid welding technique that low powered laser (about 400 W) combined with arc was put forward. Taking magnesium alloys as objects, it was found that the new technique had many advantages such as high welding speed, deep penetration and high quality welded joint comparing with that welded by laser or arc alone. Besides, the mechanical properties of the welded joint were improved remarkably. Comparing with high powered laser (about 2000 W)-arc hybrid welding, the laser used in the new technique was about 400 W, which was about 1/5 of that of the former, so the welding costs could be reduced markedly, while a great deal of energy was saved. In the research of arc behaviors, a new hybrid mechanism was proposed, in which the ability of arc to discharge was improved mainly because the laser pulse acted on the negative arc (electrode was positive and the specimen was negative) during the hybrid welding. Keywords: low powered laser-arc hybrid welding, energy conservation, magnesium alloys
Foreword
Energy problem has been one of the three important problems for all over the world in the 21th century. With the development of materials manufacture, there are lots of higher requirements for welding technology, especially on energy conservation.
As a new energy source, laser is used more and more widely in the field of welding. Nowadays, 2-10 KW lasers, sometimes even 20 KW, 1, 2) are used in laser welding and about 2 KW lasers 3, 4) are used in laser-arc hybrid welding, in which there is a serious problem of energy loss. On the one hand, the photoelectric transformation efficiency of laser is so low that much energy was wasted. For example, the photoelectric transformation efficiency of a CO 2 laser is merely 10-15%, 5) so the higher laser power is, the larger energy waste is. On the other hand, there are much plasma in laser welding alone, especially in high powered laser welding and it can absorb and scatter laser energy, which would reduce the utilization percent of laser energy. 6) Besides, it has been studied that arc has an effect to absorb and defocus the laser beam when laser penetrates through the arc during the process of hybrid welding. It is found that the stronger the laser power is, the larger the energy loss is. 7) For the problems mentioned above, using high-powered laser, most of the energy is wasted in the process of welding and the costs increases obviously which is not benefit for this technique to be applied in manufacture fields.
In the research of hybrid welding, arc behaviors of TIG welding with alternating current mode and low powered laser-arc hybrid welding were observed by high speed camera, which was shown in Fig. 1 . It was found that there were great differences between them. During TIG welding alone, in the positive wave of arc, tungsten electrode was negative (ACEN) and the arc was used to heat the base metal; in the negative wave of arc, the electrode is positive (ACEP) and the arc mainly contributed to clear the oxidation film. So the shape of arc in ACEP was divergent and the energy density was low, which decreased the instability of arc, especially in high speed welding. In hybrid welding, the laser could act on both positive wave ( Fig. 1(b) ) and negative wave ( Fig. 1(c) ) of the AC arc. Through the comparison of two cases, it was found that the synergic effect of laser and the arc was more obvious during ACEP, in which both the discharge capability and energy output of arc increased, and the negative wave was used to not only clear the oxidation film but also heat the metal, which was benefit to heat the base metal and increase penetration depth. Due to this effect, the welding ability of hybrid welding was improved and it was proved that low-power laser combined with arc was a promising welding technology.
For the discussions above, the low powered laser-arc hybrid welding technology is propounded, in which the laser used is no less than 400 W. Because the frequency of laser can change from 20 Hz to 50 Hz, the laser pulses are made to act on the negative wave of arc as much as possible. Using this technology to weld magnesium alloys, it is found that most of the laser pulses act on the negative wave of arc in the process of welding. It can not only combine the advantages of TIG welding and laser welding alone but also increase the penetration depth, welding speed and improve the quality of welded joint. The new technique, which has many advantages, especially in the way of decreasing welding cost and energy conservation, is proved to be a promising welding method in many manufacturing fields in the future.
Experiment
In this study trials were performed by an LWS-500YAG pulsed laser with an AC-TIG. The material used was AZ31B magnesium alloys plate with the thickness of 2.5 mm and Argon gas was used as shielding gas during the welding, Fig. 2 . The main welding parameters were shown as follows: the laser power: P laser ¼ 400 W, the frequency of laser: 20-50 Hz, the defocused distance: f d ¼ À1:0 mm, the welding speed: V ¼ 800{2000 mm/min, the arc current: I arc ¼ 60{ 150 A, the electrode height: h ¼ 1:5 mm, the distance between laser beam and tungsten electrode axis: D LA ¼ 1:0 mm, the angle of laser beam to tungsten electrode axis:
¼ 45 , and the flow rate of shielding gas: R ¼ 15 L/min.
Tensile-strength of the welded seams were tested by electronic universal testing machine with the type of Css-2205.
Formation of the welded seam
AZ31B magnesium plates were welded by TIG, laser and low powered laser-arc hybrid welding separately under the same welding parameters. The weld appearances and macrosections were illustrated in Fig. 3 . It was found that the welded seam by laser welding alone was narrow without any defects ( Fig. 3(a) ) and that of TIG welding alone was wide with the low depth-to-width ratio ( Fig. 3(b) ), while in hybrid welding, the depth-to-width ratio was larger and the welded seam shapes appeared waviness ( Fig. 3(c) ). It was also found that the penetration of the hybrid welding seam was the deepest, 4 times deeper than that of laser welding and 2 times deeper than that of TIG welding under the same conditions, which proved the synergic characteristics of lower powered laser-arc hybrid welding.
Microstructure
After welding, weld cross-sections were prepared using standard procedures including grinding, polishing, and etching. The cross-sectional macrographs were observed by the optical microscope. As was shown in Fig. 4(a) , the microstructure of the base metal was equiaxed grain. The transition region between the heat-affected zone (HAZ) and welded zone was revealed in Fig. 4(b) , in which the fusionline was marked by the arrow. It could be found that the transition region combined well with the other two adjacent zones and the microstructure was homogeneous.
Due to welding thermal cycles, the crystal grains became uniform, nearly the same as the grains of base metal in size. Because of the high speeds of welding and heat transmission of magnesium alloys, there was cast quenching structure in fusion zone (Fig. 4(c) ), which was made up of exiguous equiaxed grains. When welded by TIG, the crystal grain in HAZ was large (Fig. 5) , which did harm to the capability of welded seam.
Mechanical properties
The standard specimens were used to do tensile test, impact test and fatigue test. The results were the average value of five specimens, which were summed up in Figs. 6, 7 and 8. It indicated that the tensile-strength of the joint welded by TIG was the worst, which was about 86% of that of base metal and that of by laser alone was better than TIG, about 90%, while the joint welded by low powered laser-arc hybrid welding was the best and the tensile-strength increased up to 95% of that of base metal. As was shown in Fig. 7 , the impact ductility of the joint welded by hybrid welding attained 113% of that of base metal, much higher than that of TIG welding. The cycle number curves of TIG, hybrid welding and base metal were shown in Fig. 8 , in which it could be found that the fatigue resistance of the hybrid welding joint was much better than that of TIG welding joint and base metal when the stress were 80 MPa, 110 MPa and 140 MPa, separately. This was because, compared with TIG welding of magnesium alloys, the HAZ was narrow and the crystal grains (Fig. 4) were exiguous in hybrid welding. As is shown in Fig. 3 , the penetration was deeper and the depth-to-width ratio of welded joint was larger due to the effect of laser pulse. Besides, the defects such as gas porosities and cracks could be avoided effectively in hybrid welding. Therefore, the welded joints by low powered laser-arc hybrid welding had more excellent mechanical properties both dynamic load and steady load, which could meet the needs of practical application.
The Advantages
Generally the laser beam apparatus has an total efficiency of only 3%. In other words, a reduction of 1 KW in the laser beam power impacting upon the workpiece leads to a reduction of approx 35 KVA in the power consumed from the electricity mains. 8) A 400 W laser beam is used to combine with arc instead of high powered laser beam and the joints of high quality and deep penetration at a high welding speed are also obtained. For the laser beam apparatus, the loss of electrical energy is reduced largely due to the low photoelectric transformation efficiency. Most important of all, the coupling rate is improved. The coupling rate of the new technique increases largely compared with high powered laser-arc hybrid welding because the laser pulse is used to improve the ability of arc to discharge. At the same time, the effect that arc absorbs and defocuses the laser beam is weakened. For these reasons, much more energy is economized, so this new technique, in a certain extent, resolves the problem of energy waste in high-energy beam welding.
The low powered laser-arc welding also has economic advantages in manufacture. A 400 W laser is used in the new technique, which is only 1/10-1/5 of the laser welding and even 1/5 of high powered laser-arc welding. It is well known that a laser beam apparatus costs approximately € 100000 per KW of laser beam power at present, 8) for which the cost of equipment becomes lower with the decrease of laser power. Besides, it can be welded at the speed of more than 2000 mm/min, so the welding efficiency increases. For all mentioned above, the new technique has many advantages, such as energy conservation and the decreases of welding cost, which is benefit to be used widely in manufacture fields.
Conclusion
Based on the arc behaviors in the process of low powered laser combined with arc to weld, the hybrid mechanism that laser beam induces the negative wave of arc to discharge is propounded. In the process of magnesium alloys welding by this new technique, it is found that under the same conditions, penetration of the hybrid welding joint is 4 times deeper than that of laser welding and 2 times deeper than that of TIG welding. Because the crystal grain of fusion zone becomes dense, the tensile-strength increases to 95% of that of base metal, the impact ductility of the joint welded by hybrid welding attains 113% of that of base metal and the fatigue resistance is much better than that of TIG welding joint and base metal. Besides, the new technique has a high welding speed of more than 2000 mm/min and the power of laser beam is only 1/5 of that used in high powered laser-arc welding, so it saves much energy and reduces the welding costs remarkably.
